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FOREWORD

This report covers the experimental work performed by Solar from April 1,
1977 to July 31, 1977 on Contract N00014-73-C-0401 sponsored by the Office of
Naval Research, Department of the Navy. Relevant observations from previous
work on this contract are also included. Dr. A. Diness of the Metallurgy
Program is monitoring this contract. The work was performed by Mary Ellen
Gulden, Senior Research Engineer, as Principal Investigator under the
direction of Dr. Arthur G. Metcalfe, Associate Director of Research. The
testing was performed by R. Bradley Domes, Senior Research Technician.

ii




ABSTRACT

Four "engineering" ceramics were subjected to impact (single particle) and
erosion (multiple impacts) under conditions which simulate a natural dust
environment in the subsonic velocity regime. The target materials are hot
pressed Si3Ny, reaction bonded Sij3N,, glass bonded Al,03; and hot pressed
MgF,. Tests were performed with 6 narrow size ranges of natural guartz
between 10 and 385u average, and 5 velocities for each particle size. Hot
pressed Sij3N, was also impacted with SiC under the same particle size
velocity conditions.

The results are discussed in terms of current erosion and impact models by
considering particle size-velocity dependencies, appearance of the impact
damage, and the basic properties and structure of the targets.

Under these erosion conditions, the four target materials exhibited widely
different behavior not only in absolute amount of material removed, but
also in mechanism of removal. The systems hot pressed Si3N,-SiC particles
and MgF,-quartz particles were characterized by plastic impact with
associated lateral and radial crack formation, and erosion loss was
proportional to particle mass and velocity to the fourth power. Erosion of
hot pressed Sij3N, impacted with quartz particles was proportional to the
first power of particle size and velocity, and loss occurred by minor
chipping with no secondary crack formation. Erosion of glass bonded Al,0;
and reaction bonded SijN, did not show a consistent particle size-velocity
dependence. The variation is related to the two phase structure of these
materials. It was found that strength is not necessarily reduced for
erosion conditions which produce appreciable material removal.
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1. INTRODUCTION

In recent years, considerable interest has been shown in the use of ceramics
for high technology engineering components in such applications as gas
turbine engines, bearings, heat exchangers, radomes and infrared transparent
windows. All of these applications may involve impingement by solid
particles. A knowledge of impact and erosion behavior is necessary before
ceramics can be used with confidence in these systems. The materials
discussed here, namely NC-132 hot pressed SijN,, NC-350 reaction bonded
Si3Ny, Alsimag 614 glass bonded Al,03 and Irtran 1 MgF, are either in current
use or considered for potential use in one or more of the above applications.

To date, essentially two types of models have been proposed for impact or
erosion of brittle materials (Refs. 1 and 2). The earlier models were based
on elastic interaction and predicted that material removal occurs by the
intersection of Hertzian ring cracks on the substrate surface. This process
has been observed on several materials under static and low velocity impact
conditions with relatively large spherical particles (for example, see Ref.
3). More recent analysis has treated static and dynamic plastic indentation
which is characterized by plastic deformation of the contact area between the
particle and the target, with radial cracks propagating outward from the
contact zone, and with subsurface lateral cracks propagating outward on
planes nearly parallel to the surface. The former are considered a source of
strength degradation and the latter a potential source of material removal.
These models are based on single impacts and were developed for isotropic
materials under idealized conditions. One objective of this investigation
was to assess the validity of these models to predict erosion of engineering
ceramics by natural dust environments.

The experimental approach for this investigation has been to perform single
impact and erosion (multiple particle impacts) tests in a controlled manner
to simulate a service environment in the subsonic velocity regime. This
approach advances the understanding of erosion mechanisms of engineering
materials as well as providing data of direct value in application of these
materials to engineering structures.

2. EXPERIMENTAL PROCEDURE

2.1 MATERIALS

The target materials exhibit a wide range of properties and structure. The
properties considered pertinent to erosion response are listed in Table 1.
Properties of the particles are also shown.

Angular, high purity quartz particles were used for most of the erosion
testing. OQuartz was chosen because in previous work on metallic erosion, it
had been found to be the principal erosive component in natural dusts, i.e.,
the amount of erosion was directly proportional to the percentage of quartz
in the natural dusts (Ref. 4). Six particle size ranges were used as




Table 1

Physical Properties of Target Materials and Particles

i ek £ . & S el o S = )

| Elastic Fracture Acoustic (

Modulus | Touqhness | Hardness®? Impedance i

| GPa MPa m GPa Kgm™°5™! x 107 Structure |

e SRy e e ‘

Hot Pressed Si 3Ny 320 5 16 3.2 Pseudo q:nqlo [»h"l".o - i

(NC-132) 2y grain size ,

Glass Bonded Al;0; 324 3.2 12 4 2-phase - 4% glass, !
(Alsimag 614) 968 Al,03, 104 qgrain

size |

j

Reaction Bonded 170 2.2 3 2 Multiphase - SiaN, + i

SigNy (NC-350) porosity + Si + Si0, |

(surface) i

Hot Pressed MgF, 170 1 6 3.2 Single phase - %Z2u ‘

(Irtran I) grain size |

|

Natural Quartz 95 0.7 6 1.6 !

{

sic 420 N3 n23 I

S ez Y

2The hardnesses are the quasi-static Vickers hardness in the macro ‘

indentation load independent regime. ‘

follows: less than 30, 44-~53, 62-74, 105-125, 250-297 and 350-420um. These
size ranges were chosen to be representative of airborne dust and to provide
significant particle mass differences of at least 1/2 order of magnitude.

Anqular silicon carbide particles of the following size ranges: less
than 24, 25-85, 50-165, 203-495, 356-813, and 660-13461m were supplied by
Bendix Abrasives Division. The primary reason for selecting SiC as the
second particulate was because of its much higher elastic modulus and
hardness compared with quartz. However, the results of the SiC particle
tests have direct practical value because it is used as an additive in
aircraft carrier antiskid decking.

2,2 EROSION TESTING

Erosion tests were performed with a stationary target impacted by particles
accelerated in an air stream, Particles are injected into the stream three
meters from the target to provide sufficient distance for acceleration. Iiiah
pressure, filtered and chemically dried air is used for the particle carrier
gas. The carrier air velocity is measured using standard Pitot tube
techniques. The air velocity variation across the 0.95 cm diameter noz:zle is
less than five percent and velocity is varied between 15 and 343 m/sec to
achieve the desired particle velocity.

Particle velocity is measured using the rotating double disc technique
described in Reference 5. Comparison with calculated velocities based on two
phase flow theory is good (Ref. 6), Five velocities for each particle size
range were used to establish erosion rates.




All erosion tests were performed at 90 degree impingement angle at ambient
temperature. Perpendicular impingement is at or near that for maximum
erosion of brittle materials. The number of particles used per test was
varied from a few particles (to examine single particle impacts) to as many
as 10% (to insure initiation of uniform erosion and to avoid incubation
effects) over a 0.7lcm? target area. The particles are fed into the gas
stream using a precision feeder at a sufficiently low concentration such
that particle interactions in the carrier gas stream or on the target
surface are negligible. For the longtime-large number of particle tests,
the specimens were weighed at specific time intervals to assess any changes
in erosion with number of impacts. A detailed description of the erosion
test apparatus is given in Reference 6.

2.3 STRENGTH MEASUREMENTS

Strength was determined in three point bending for both forms of Si3Ny and
the Al,03. Baseline values were obtained on as-received material. To
determine a strength loss threshold, strength of eroded specimens was
measured over a wide range of test conditions from preweight loss to deeply
eroded specimens. Each specimen was visually examined to insure that failure
originated in the area subjected to particle bombardment. The eroded areas
which are circular of 1 cm diameter were located in the center of the 2.5 or
1.25 cm specimens to insure no extraneous edge effects on strenagth
measurements.

2.4 EXAMINATION OF ERODED SURFACES

The eroded surfaces were examined both optically, and by replica transmission
and scanning electron microscopy. The progression of impact or erosion
events was monitored by examining the specimens after various number of
impacts for several particle size - velocity combinations ranging from single
particle impacts to deeply eroded surfaces. The surfaces were also examined
in cross section to assess the nature of subsurface damage.

3. EXPERIMENTAL RESULTS AND DISCUSSION

This section is separated into four parts. Initially, the erosion dependence
on particle size and velocity will be presented for the 5 target-particle
combinations, followed by discussion and examples of the type of impact
damage that occurs. Effect of erosion on strength will then be presented,
and in the final section a comparison between erosion behavior in terms of
impact models and material properties and structure will be made.




3.1 EROSION FUNCTION OF PARTICLE SIZE AND VELOCITY

The customary method of reporting engineering erosion data is by plotting
erosion weight loss versus some function of the erosive environment (i.e.,
particle size, velocity, weight of dust ingested, etc.). Under the same
erosion conditions this approach provides a relative ranking of erosion
response of the varicus target materials. Additionally, the phenomenological
models proposed for erosion response include dependent functions for particle
size and velocity, so that a knowledge of the particle size and velocity
dependency of erosion behavior is an important first step to understanding
the actual erosion mechanism.

Erosion weight loss as a function of particle mass and velocity was
determined for conditions involving millions of particle impacts. This large
number of impacts was necessary to insure that uniform erosion is occurring,
and that effects from starting surface condition were minimized. 1In the case
of reaction bonded SijN, (RB Si3N,) the as-fired surface layer was removed
prior to erosion testing because it was found to erode at a much more rapid
rate than the parent material. Weight loss per particle was plotted versus
particle radius (log-log plot) and the slopes at constant velocity were
measured to determine the particle size exponent. A similar plot of weight
loss per particle versus particle velocity yielded the particle velocity
exponent at constant particle size.

Two distinct relationships were observed. For the systems, RB Si3N, and MgF,
impacted with guartz particles and hot pressed Sij3N, (HP Si3N,) impacted with
SiC particles, erosion is proportional to the fourth power of both particle
size and velocity. The results are shown in Figure 1 for the three systems.
The data is shown as volume loss to give a more meaningful comparison for the
different density targets. The relationship between R*V* and erosion is
valid over 8 orders of magnitude for MgF,-Quartz and HP SijN,-SiC, which
corresponds to 6 particle size ranges and 5 velocities between 24 and 285 mps
for each particle size. The relationship also applies for RB Sij3N,-~Quartz for
all particle sizes at higher velocities. These results suggest that a single
mechanism is controlling erosion under these test conditions. The data
points associated with arrows correspond to weight increases that occurred
after low velocity erosion tests on RB Si3Ny,. Since RB Si3N, is an
inherently porous (v25% porosity) material, it is probable that the weight
increases correspond to embedding of the quartz particles in the target.

This will be discussed later in more detail.

For a given erosion condition with quartz particles, the amount of MgF; lost
per impact is approximately 1-1/2 orders of magnitude greater than for

KB SisNy,. HP Si3N, impacted with SiC particles is intermediate between the
two.

The system HP S14N, impacted with quartz particles showed a significantly
different erosion dependency on particle size and velocity than the systems
previously discussed. Erosion is proportional to particle size to the third
power and velocity to the first power which is a measure of particle momentum
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Figure 1. Erosion Versus Particle Size and Velocity to the Fourth Power

(velocity varied between 40 and 285 m/sec)

(particle mass times velocity). The results for this system are shown in
Figure 2 plotted as volume loss per particle versus a measure of particle
momentum. The results are valid over the entire range of particle size -
velocity combinations investigated. Deviations from the straight line
relationship occur as the volume or weight loss threshold is approached for
115 and 273u particles. The results for this system indicate that a single
mechanism or erosion process is operative within this range of test
conditions and that the mechanism of erosion of HP SijN, by quartz particles
is significantly different than the other three target - particle systems
which showed a R“V" erosion dependence. For equivalent particle size -
velocity tests on HP SijNy, the amount of material lost with SiC impacts was
2 orders of magnitude greater than for quartz impacts (highest velocity
tests).
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Glass bonded Al;03 (GB Al;03) impacted with quartz particles did not exhibit
a consistent particle size - velocity dependence. Erosion was proportional
to particle radius cubed over the entire range of particle sizes, but the
velocity exponent varied between 3 for the smaller particles and one for the
larger particles at higher velocities. The test data for erosion with the
larger particles is also shown in Figure 2. Apparently, the rate controlling
erosion mechanism or process is changing for these test conditions. This
change is believed to be related to the 2~phase structure of the target and
will be discussed further in the following section.

3.2 EXAMINATION OF ERODED SURFACES

Surfaces were examined for a range of erosion conditions varying between
single particle impacts and erosion to a depth of several grain diameters for
the various particle size velocity test conditions. Generally, the heavily
eroded surfaces were sufficiently damaged that little information was
provided concerning erosion mechanisms or processes. However, single
particle impacts have provided insight into the process of erosion for these
target materials. Figure 3 shows examples of single particle impacts for
those target-particle combinations which exhibited a consistent particle-size
velocity dependence. The types of impact are typical for each system although
magnitude varied with particle size and velocity. The contact areas
estimated for purely elastic impact by a spherical particle are given to
illustrate variations in damage magnitude. HP SijN, impacted with SiC
particles and MgF, impacted with quartz particles (Fig. 3a and 3b) both
exhibited plastic impact accompanied by radial and lateral crack formation.
The radial cracks extend outward from the particle contact zone and are
generally perpendicular to the surface. Lateral cracks also extend from the
contact zone but are subsurface and approximately parallel to the surface.
This type of impact damage has recently been observed in other systems

(Ref. 2). Material removal occurs by loss of a portion or all of the
laterally cracked regions. The dark semicircular regions in Figures 3a and
3b correspond to laterally cracked material which has been removed during
impact. Also shown in Figure 3a by polarized light reflecting conditions are
the lateral cracks which have not resulted in material loss. Since HP Si3Ny
is opaque, subsurface cracks are not observable by the polarized light
technique. For these two systems, the extent of damage or material loss is
much larger than the particle contact area.

Figure 3c shows a quartz particle impact on RB SijN,. The impacts in this
system are characterized by relatively deep pits with no apparent evidence of
secondary cracks intersecting the surface. The approximate calculated
contact radius (Vv35u) is of the same order as the pit. The appearance of the
pit is one of plastic impact. However, since this material is inherently
porous (%25%), the phenomena could be one of crushing rather than plastic
deformation. This porosity might also be expected to arrest crack
propagation which would occur in a fully dense material. The type of impact




a. Hot Pressed MgF, Impacted
With 273u Quartz

188 m/sec Velocity

Contact Radius ~27u

(3 impacts)

b. Hot Pressed Si3Ny Impacted
With 305p SiC

176 m/sec Velocity
Contact Radius 22y

Figure 3. Single Particle Impacts for Systems Which Exhibit Consistent
Particle Size-Velocity Functions With Erosion (Sheet 1 of 2)
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c. Reaction Bonded SijNy
Impacted With 385y Quartz

174 m/sec
Contact Radius ~35yu

d. Hot Pressed Si3N, Impacted
With 273y Quartz

188 m/sec Velocity

Contact Radius "2E&y

Figure 3. Single Particle Impacts for Systems Which Exhibit Consistent
Particle Size-Velocity Functions With Erosion (Sheet 2 of 2)




damage shown in Figure 3c is characteristic of the RB Si3N, quartz particle
system except for the smallest particles (10u) where single impacts could not
be differentiated from the inherent porosity. Examination in cross section
revealed radial cracking beneath the contact area that propagated through the
pores.

The type and magnitude of damage produced by quartz particles on HP Sij3N, is
entirely different from that of the three systems previously discussed. An
example is shown in Figure 3d. The chip which has been removed (“v4up dia) is
quite small compared with the approximate calculated contact diameter. For a
corner oriented impact with an angular particle the contact area would be
smaller and the stresses would be greater.

An estimate of the volume of material removed per impact can be made from the
weight loss data on heavily eroded surfaces (data from Figs. 1 and 2). For
all of the systems shown in Figure 3, the vclume removed per impact for
heavily eroded surfaces is within a factor of 2 of that measured from single
particle impacts. Considering the statistical nature of the calculations and
the test procedure, this shows quite good agreement between single particle
impacts and bulk erosion and suggests that secondary cracking and residual
erosion damage may not play a significant role in the erosion process under
these test conditions.

The discussion to this point in this section has concerned the
target-particle systems which exhibited a uniform particle size-velocity
relationship over the entire range of test conditions (except low velocity
impacts on RB Si3N,). The system GB Al,03-Quartz particles did not show a
consistent relationship. The structure of this material is characterized by
Al;03 grains (v10u diameter) surrounded by a glassy intergranular phase. The
glass can be as wide as 4u in the vicinity of grain boundary triple points.
It was found that single impact damage for 10u impacts produced plastic flow
in the grain boundary phase and minimal damage to the Al,03 grains. The
erosion process occurred by flow and removal of the glass to the extent that
entire grains were lost. An example of a surface heavily eroded by 1l0Ou
quartz is shown in Figure 4. The depth of erosion corresponds to “4 grain
diameters. As can be seen, little damage has been sustained by the Al,0,
grains. As the particle size was increased, chipping of the Al,03 grains
occurred in addition to flow of the glass. This chipping is similar in
appearance to that which occurs in the HP SijNy-Quartz system.

Hertzian type cone or ring cracking was not observed for any of these systems
under these test conditions.

Examination of the impacted and eroded surfaces has shown that more than one
type of impact occurs for this group of target materials under these test
conditions. A discussion of the reasons for this variation based on
properties and structure of the targets and particles will be given in the
General Discussion section.

10




285 m/sec Velocity
Contact Radius ~2u
Depth of Erosion ~50u

6000 Particle Impacts per
Single Particle Contact Area

Fiqure 4. Glass Bonded Al,0; Impacted With 10u Quartz

3.3 STRENGTH OF ERODED SPECIMENS

Strength after heavy erosion was determined for HP SisN,, RB Sij3N, and GB
Al,03 all impacted with guartz particles (same test conditions used to
develop Figs. 1 and 2 plus specimens eroded at particle size-velocity
conditions below the weight loss thresholds). It was originally expected
from Hertzian type considerations that a strength decrease would occur for
impact conditions below those needed for actual weight loss, i.e., cracking
would occur, but be insufficient to produce material loss. Above the weight
loss threshold, strengths were expected to decrease.

The strength results are shown in Table 2. The baseline strengths plus one
standard deviation are given for each target material. An estimate of the
critical flaw size is also shown. This was calculated from fracture
toughness values given in Table 1 using the relationship for three point bend
specimens (Ref. 7). The strengths after erosion are shown as a function of
the base 1lin trengths by giving the percentages which have strengths
greater than +1, within +1, and less than -1 standard deviation of the
noneroded material strength,

HP SisN, and the GB Al,0; did not exhibit a strength decrease under these
test conditions for erosion depths up to 37u. For HP SigN, this depth
corresponds to 3 x 10% particle impacts or 600 grams of dust on a 0.71 cm?
area. There was a trend toward strength increase (fracture stress for 50% of
the specimens was greater than one standard deviation above the baseline
strength) which indicates a "polishing" phenomenon may be occurring. No
specimens failed at a stress lower than the one standard deviation band. The
erosion depth is approximately three times the estimated critical flaw size
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Strength Distribution of Eroded Specimens Relative to Standard Strength
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which indicates that under these test conditions, the effective flaw size
produced by erosion is no larger than pre-existing flaws characteristic of
the "standard" machined surface. (Because large numbers of flaws are
introduced by erosion or machining, the effective stress concentration will
depend on both size and spacing of flaws. In contrast, critical flaw sizes
were calculated for isolated flaws.) In confirmation, examination of the
eroded surfaces in cross section did not reveal apparent subsurface damage,
i.e., the structure under the eroded area was indistingquishable from that
below the as-machined surface and subsurface cracking was not apparent.

The trend toward a strength increase is not as conclusive with GB Al,0; as
with HP SiaN, since 16% of the specimens failed at stresses below the one
standard deviation range. Furthermore, although the maximum depth of erosion
(v35u) is approximately four grain diameters, this also corresponds to the
estimated critical flaw size of the baseline material. However, the results
indicate that erosion under these test conditions do not produce flaws
greater than those inherent to the as-sintered surface.

RB SijNy did exhibit a marked strength decrease under these erosion test
conditions. Strength decreased rapidly for the first 100u erosion depth and
remained essentially constant at 100 MPa up to the maximum depth tested
(350u) . The tests were performed in the as-fired surface condition where the
surface oxide layer is ©v100u deep. The lowest strength (81 MPa) corresponds
to an increase in estimated critical flaw size over the baseline material of
one order of magnitude (17u compared with 200u). The depth of subsurface
cracks perpendicular to the surface is also “200u for this erosion
condition.

According to the model for plastic impact response, the strength of the
target (o_) should be dominated by radial crack formation by the following

relation:

o] a - Ref. 2
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where K. is target fracture toughness, V is particle velocity and R is
particle radius. A log-log plot of strength versus (v0.5g0. )“A for reaction
bonded Si3N, is shown in Figure 5. The data falls roughly into twc groups
which both have slopes cluse to one on a log-log basis. The major difference
between these two groups is particle size and depth of ercsion. The depth of
erosion for these particular specimens subjected to 10p particle bombardment
was still within the surface layer which has different material properties
and composition than the bulk material. Furthermore, the type of damage and
hence flaw type apparently differs from that produced with the larger
particles. Subsurface cracking is minor compared with that produced with
larger particles, and embedding of the 1l0u particles was observed.

Since quartz is the most erosive constituent of natural dusts and the
particle size-velocity conditions are typical of airborne dust, these results
have direct practical significance, and indicate that a strength decrease
does not necessarily occur for erosion conditions which produce appreciable
material removal (HP SijN, and Alsimag 614 glass bonded Al,03). This would
be expected to apply as long as the load bearing volume is not reduced

significantly.
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Figure 5. Strength Versus Function of Predicted Radial Crack Formation for
Reaction Sintered Si3N10 Eroded by Quartz
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3.4 GENERAL DISCUSSION

In this section, a comparison will be made between the erosion behavior of
the various target materials, and the results will be discussed in terms of
impact models and material properties and structure.

Four "engineering" ceramics have been subjected to erosion conditions
considered characteristic of a natural dust environment. Under these
conditions, the erosion response differs markedly (Figures 1 and 2), and for
a given condition, there is approximately one order of magnitude difference
in volume loss between each of the targets. There is also considerable
variation in material properties and structure between the targets. Table 1
lists the physical properties considered relevant to erosion response. Of
the properties listed, fracture toughness is the only property which varied
consistently with erosion. The other properties (elastic modulus, hardness
and acoustic impedance) would predict either less separation in erosion loss
or a different ranking of erosion resistance. Furthermore the particle
properties can also have a strong effect on erosion as evidenced by the fact
that erosion of HP SiN, by SiC particles is approximately 2 orders of
magnitude greater than with quartz particles for equivalent particle
size-velocity test conditions, and the type of impact damage is entirely
different.

To date, essentially two types of models have been proposed for solid
particle impact or erosion at subsonic velocities. The earlier model was
based on Hertzian type purely elastic interaction where material removal
occurs by the intersection of ring cracks on the substrate surface. This
model was expanded to include Weibull statistics whereby erosion was a
function of the distribution and size of flaws under the particle contact
area (Ref. 1). This relationship predicted that

E a R4v2.7

(where E is volume removed per particle) for a Weibull modulus greater than
12 and impact with angular particles (Ref. 1). This velocity dependence was
not observed for these test conditions, nor was ring cracking.

The second model has treated static, and more recently dynamic, plastic
indentation which is characterized by plastic deformation of the contact area
between particle and target, radial cracks propagating outward from the
contact zone, and lateral cracks that initiate beneath the contact zone and
propagate between the radial cracks on planes nearly parallel to the surface.
It has been observed for a variety of single phase targets impacted with
relatively incompressible projectiles (impact conditions above plastic impact
threshold) that the length of radial cracks, and the depth of lateral cracks,
for single impacts, followed the relationships predicted by the model

(Ref. 2).




1f it is assumed that maximum erosion loss per impact is proporticnal to the
volume encompassed by the lateral cracks, then the plastic impact model

predicts
5 E_j Q) 0.25
E = V2.5g —_— £
( T K ) (M)
c
where p 1is particle density, H is target hardness, and f(M) is the fraction

of the Yolume encompassed by the lateral cracks that is actually removed and
is considered a material dependent variable. Since the experimental erosion
data for this type of impact (HP SisN, impacted with SiC, and MgF, impacted
with quartz) revealed both a radius and velocity dependence to the fourth
power, the term f (M) would have to include a velocity dependence, to obtain
conformance with experimental data. This would require that the formation of
lateral cracks as well as the volume of laterally cracked material actually
removed be velocity dependent.

6
A log-log plot of E/V2+°R" versus Pp/H Kc for the four target materials
shows a slope of 0.25 between the 2 target-particle conditions which
exhibited typical plastic impact response (Fig. 6). The erosion data in
Figure 6 is an average of all of the particle-size velocity test conditions +
one standard deviation. However, a plot of E/RL‘Vl+ versus op/H k 6 using 26
of the erosion data (much smaller data band than for E/R“VZ.%) also exhibited
a slope of 0.25 between HP SijN,-SiC and MgFj,-Quartz.

Erosion for the other target-particle combinations falls below that expected
from the plastic impact model although the relative rank is consistent with
the model. In the case of HP SijN, impacted with quartz particles, this is
expected since the impact conditions are apparently below the plastic impact
fracture threshold (material removal occurs by minor chipping with no
apparent secondary crack formation). However, GB Al;03 and RB Sij3Ny did
exhibit plastic deformation.

The model assumes an isotropic material. For the purposes of this
investigation, both MgF, and HP Si3N, can be assumed to be single phase
materials (HP SisN, contains a minor grain boundary phase, but the 2u grain
size would average this effect over the particle contact area). However, GB
Al,04 and RB Si;N, are not single phase materials. RB SijN, contains "25%
porosity, and although the impact craters had the appearance of plastic
impact, it is possible that crushing is occurring under the contact area.
Support for this hypothesis is given by the fact that particles embedded in
the surface at low velocities for all particle sizes. Also, the lack of
secondary cracking outside of the contact area may be related to the crack
blunting ability of the pores. Erosion of GB Al,03 is a two step process
which is directly attributable to the two phase nature of the structure.
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Figure 6. Relationship Between Erosion Data and Plastic Impact Model

The particle composition and properties obviously affect type of erosion
response. However, from this investigation only general comments can be made
concerning the influence of particle type on erosion of a given target. It
appears that for plastic impact response, the particle mechanical properties
must closely approach or exceed those of the target. For impact and erosion
conditions where the particle properties are appreciably lower than the
target, the erosion process is less efficient.




L. CONCLUSIONS

Four ceramic materials with widely different properties and structure were
eroded under conditions which simulate a service dust environment 1i.e.,
10-385u natural quartz particles at subsonic velocities. Additicnally, one
of the targets (HP Si3N,) was impacted with SiC particles over the same
particle~size velocity conditions. The following particle size-velocity
relationships for erosion were observed:

E a R4V MgF,-Quartz, RB SijN,-OQuartz
HP Si3Ny,-SiC

E o R HP SijNy-Quartz

E o« R¥VI-? GB al,04

Single particle damage for the systems HP Sij3N, impacted with S£iC and MgF,
impacted with quartz was characterized by plastic impact and radial and
lateral cracks propagating from the contact area. The diameter of material
removed could be as much as 3 times the contact diameter (corresponds to a
portion of lateral crack formation). The diameter of material removed for EE
Si3N, was essentially the same as the estimated contact diameter and either
plastic deformation or crushing occurred. Erosion of HP Si3N, impacted with
quartz occurs by minor chipping which is an order of magnitude less than the
estimated contact radius. In the latter two cases, secondary cracking was
not observed on the surface. However, RB SijN, exhibited extensive
subsurface radial cracks under the contact area. Erosion on glass bonded
Al,03 is a two-step process involving plastic deformation of the glass plus
chipping of Al,03 grains.

Based on these results, erosion is a function of particle radius and velocity
to the fourth power for a plastic impact response. For a single phase
material (HP SigN,, MgF,) erosion appears to follow the function of fracture
toughness and hardness predicted by the model for plastic impact. However,
for multiphase materials, structure also influenced erosion response. Below
the plastic impact threshold, erosion is a much lesser function of velocity,
and elastic ring cracking was not observed. The plastic impact threshold was
more a function of target particle type than of particle size and velocity.

Strength measurements after erosion with quartz revealed that strength is not
necessarily reduced after conditions which produce significant material
removal. (HP SigN, and GB Al;03 did not show a strength decrease, while RB
SisN, exhibited a major strength decrease.)

It is concluded that more than one mechanism of erosion exists under
"natural" dust environments, and that the mechanisms are dependent not only
on target physical properties, but also to a large extent on structure.
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